species are compared most species exhibit a small range Many plant species that have succulent photosynof 6I3C values, typically ~ 4 (Teeri 1982a) in their 7 ~ thetic organs also exhibit crassulacean acid metabolism native habitats. Such small differences in 6I3C value (CAM). Most CAM plants are thought to have the may, in fact, reflect changes in stomata1 conductance ability to take up atmospheric CO, both in the daylight rather than changes in photosynthetic carboxylation and at night by varying their photosynthetic pathways (O'Leary 198 1, Farqhuar et al. 1982 ). It appears that (Kluge and Ting 1978) . Plants that take up CO, at night most studied species have only a limited ability to exhibit lower rates of water loss than when they take adjust their photosynthetic phenotypes in the field.
up CO, in the daylight. However, they may also exhibit When different species that exhibit contrasting field lower rates of photosynthesis and growth. The partic-6I3C values were compared after growth in a common ular photosynthetic phenotype that a plant exhibits in greenhouse environment, the interspecific differences its native habitat will reflect a balance between the need in 6°C values persisted (Teeri et al. 198 1) . Thus far, of the plant to gain carbon and energy for growth and all studies of genetic variability in CAM characteristics the need to conserve water. The nature of this balance have been at the interspecific and intergeneric levels can have both long-and short-term effects on the vi- (Teeri 1982a, b, Teen and Gurevitch 1984) . The extent ability of an individual plant. Plant species that have to which genetic variability in CAM characteristics octhe ability to vary their photosynthetic pathways in curs within and among populations of a species has response to the environment should be capable of not been investigated. growth in a variety of habitats. The purpose of this study was to compare the field Within the Crassulaceae there is great phenotypic photosynthetic phenotypes of four populations of Sevariation among species with regard to the extent to durn wrightii A. Gray (Crassulaceae) growing in their which dark uptake of atmospheric CO, via CAM con-native habitats over the environmental range of the tributes to growth. Nearly all tested species in this fam-species. We used a common-environment phytotron ily possess some form of CAM (Kluge and Ting 1978, study the C3 pathway, which is used in the uptake of atmo-'Send reprint requests to first author. spheric CO, in the daylight, and the C, pathway, which I is used in the uptake of atmospheric CO, in the dark. When CAM plants use the C, pathway the carbon is fixed directly by ribulose bisphosphate carboxylase (RUBP,); when the carbon is captured via the C, pathway it is fixed by phosphoenolpyruvate carboxylase (PEP,) . During the night the CO, accumulates as malic acid, which is reflected by an increase in the titratable acidity of the photosynthetic tissue. The malic acid is stored in the large vacuoles that are characteristic of CAM cells. In the subsequent daylight period the malic acid is decarboxylated and the CO, converted into carbohydrates that are used for metabolism and growth.
There are two stable isotopes of carbon, IZC and 13C, in atmospheric CO,. PEP, does not significantly discriminate against either carbon isotope. In contrast, RUBP, exhibits a pronounced discrimination against 13C (O'Leary 1981). As a result of this enzymatic difference the biomass of plants that use only the C, pathway is depleted in "C relative to plants that use the C, pathway.
The relative abundances of 12C and I3C in biomass are expressed on the 6I3C scale, where:
The 613C assay is a powerful tool for determining which photosynthetic pathway(s) is used by a CAM plant for the uptake of atmospheric CO,. Typical 613C values for CAM plants that use only the C, pathway are --11%. and for CAM plants that use only the C, pathway typical values are -299~0 (Vogel 1980) . When a plant uses both day and night CO, uptake during growth the biomass 6°C value falls between the above extremes and is highly correlated with the proportion of carbon gained in the day vs. the night (Nalborczyk et al. 1975 , Kluge and Ting 1978 , O'Leary 1981 .
It has been shown for the Crassulaceae (Teeri et al. 198 1) that interspecific differences in biomass 6I3C value are highly correlated with interspecific differences in leaf thickness. Thin-leaved species have very negative 613C values of --299~0; in contrast, thick-leaved species have less negative 6I3C values of --11%.
Sedum wrightii, a leaf-succulent perennial herb (Clausen 1975, 198 l) , occurs in the southwestern United States and adjacent Mexico in a wide range of habitats. Study of herbarium specimens revealed that this species had a greater range of leaf thicknesses than most other species in the family. The variation in leaf thickness suggested that there could be an associated variation in photosynthetic physiology. Four populations were chosen to span the geographical range of the species. The first population was located on the shore of Amistad reservoir in Val Verde County. Texas, at an elevation of 2 3 6 0 m. This population grew on welldrained limestone outcrops on a south-facing cliff. The plants occurred in locations ranging from unshaded to deeply shaded by boulders and the surrounding shrubby desert vegetation. The second population was located in Sunny Glen -7 km northwest of the town of Alpine in Brewster County, Texas, at an elevation of 1400 m. The third population was collected at the Miter Peak Girl Scout Camp in Fern Canyon in Jeff Davis County, Texas, 19 km north of Alpine at an elevation of -1500 m. The Sunny Glen and Fern Canyon populations were similar in that the plants in both sites occurred on exposed slopes of igneous rock, often in pockets of soil or dried moss mats. In both populations the plant locations ranged from unshaded to partially shaded. The fourth population was collected in Silver Spring Canyon in the Sacramento Mountains in Otero County, New Mexico. This last location was along Highway 24 east of the town of Cloudcroft, New Mexico, at an elevation of -2400 m. This population occurred in moist, rich soil, often covered with pine needles, on rock outcrops. Most of the plants were in sites that were partially shaded by the surrounding PInus, Pseudotsuga, and Quercus trees.
Field
The four populations were studied in the field between 22 and 30 July 1981. At each population, individual plants were collected at 5-m intervals along a 100-m transect (n = 20 plants per population). A subsample of 15 plants in each population was measured for leaf thickness of the most recently fully expanded leaf (MRFEL) and the thickest leaf. Leaf thickness was measured to the nearest 0.5 m m as the distance between the adaxial and abaxial surfaces of the leaf at the thickest portion of the lamina. From every individual collected in the field, four to five recently fully expanded leaves were excised. oven-dried, and analyzed for biomass 6I3C value (Teeri et al. 1981) . All plants collected in the field were transported to the greenhouse at the University of Chicago.
Phytotron
The genetic vs. environmental control of the photosynthetic phenotypes of three of the populations (Amistad, Fern Canyon, and Cloudcroft) was studied in controlled environment chambers. Clonal replicates of S. wrightii are readily produced from single leaves. We produced clonal replicates of each of 15 randomly selected genotypes from each of the three populations. We used single leaves as the units of propagation and grew the plants from the three populations together in a common greenhouse environment for nearly a year. Single leaves were then taken from these greenhousegrown plants and were used to grow plants in the phytotron study. We assumed that this procedure minimized any effects on the photosynthetic phenotypes that were due to the environments of the native hab- itats. Thus, in the phytotron, variation in the expression of biomass 6I3C value and other traits is attributable to genetic differences among individuals and populations. The phytotron treatments were an attempt to simulate environmental conditions in which S. wrightu occurs. The eight treatments consisted of all combinations of two day : night temperature regimes (36':2 l o and 26": 1 1°C: 9: 15 h). two daylengths (1 6 and 9 h), and two watering frequencies (watering daily and watering once weekly). The photosynthetic photon flux density at plant height was =320 ~E . m -* . s -' . The relative humidity was 70% in all treatments, and the atmospheric CO, level was Z350 kL/L. Plants were grown on a substrate of equal volumes of gravel, vermiculite, and Turface. In the daily watering treatment the plants received 0.5 strength Hoagland solution three times weekly. In the weekly watering treatment the plants were first watered with distilled water; then nutrients were added.
In each of the eight treatments three clonal replicates of each genotype were grown from single leaves. There were 15 genotypes per population and a total of 1080 plants (1 5 genotypes per population x 3 clonal replicates per genotype per treatment x 3 populations x 8 treatments = 1080).
The plants grew for 2 mo, after which they were measured for the following phenotypic properties. (1) Leaf thickness was measured as described above (n = 1080). (2) We randomly subsampled five genotypes from each of the three populations. The whole plants were harvested and total plant dry mass was determined (n = 120). (3) For the same subsample the biomass 613C value was determined for the most recently fully expanded leaf of each plant (n = 120). (4) T o con- 
Statistical analysis
Field. -Univariate analyses of variance of the characters (1) leaf thickness of the most recently fully expanded leaf (MRFEL) and (2) 6I3C were used to calculate variance components within a n d among populations in the field. The variable MRFEL was log transformed to normalize its distribution. Significant variance components at the among-populations level indicate phenotypic differences in leaf thickness or 6I3C among populations.
Multiple comparisons of population means for 613C and log (MRFEL) in the field were conducted using Duncan's multiple range test.
Phytotron.-In the phytotron analysis of biomass 6I3C and log whole plant dry mass, a multivariate analysis of variance was used to calculate variance components for the main effects of population, genotype nested within population, and temperature, water, daylength, and all interactions. The variable total plant dry mass was log transformed to normalize its distribution. Since the two-way interactions including population and the three-way interactions including population and genotype did not explain significant portions of the variance, the model was rerun with these interactions included in the error variance. Significant variance components for population and genotype nested within population indicate genetic differences at the level of population and/or genotype. Significant twoway interactions including genotype indicate that genotypes responded differently to different environmental conditions. All analyses were conducted using the SAS statistical package (Ray 1982) .
Multiple comparisons for population means of 6I3C and log (total plant dry mass) in the phytotron were conducted using Duncan's multiple range test.
RESULTS AND DISCUSSION

Field
At the time of observation in all four populations there were plants with fully expanded leaves, and vegetative growth was nearly completed. All populations had floral buds present; however, none of the populations had plants yet in anthesis. The estimated size of each population was: Amistad > 1000, Sunny Glen >800, Fern Canyon E250, and Cloudcroft z 500 individuals.
Leaf thickness differed among the populations (Fig.  1) . The leaves of the Amistad population ( 2 = 3.2 mm, 6 = 0.9) were 78% thicker than those of the population with the thinnest leaves, Cloudcroft (zv= 1.8 mm, 6 = 0.4). The remaining two populations had intermediate leaf thickness values (Fern Canyon, 2 = 2.5 mm, 6 = 0.4; Sunny Glen, = 2.1 mm, 5 = 0.4). The observed range of leaf thicknesses among all sampled individuals was from < 1 mm to >5 mm. A one-way analysis of variance of log (MRFEL) revealed a highly significant effect among populations (Table 1) . Using Duncan's multiple range test we found that the mean values of log (MRFEL) were significantly different ( P < .05) for all four populations (Fig. 1) all populations ranged from -13.8% to -2 2 . 9 7~ (Fig.  2) . The Amistad population had the least negative values with a mean of -(6 = 1 5 . 7 7~~ 0.9). The Fern Canyon plants were intermediate, with a mean value of -1 7 . 1 9(6 = 1.3). Cloudcroft and Sunny Glen were the most negative, exhibiting a mean value of -1 9 . 4 9~ (I? = 1.3) and -1 9 . 6 7(I? = 1.8), respectively. A oneway analysis of variance indicated a highly significant effect of population on biomass 6°C value (Table 2) . Using Duncan's multiple range test, mean values of biomass 6I3C for both the Amistad and Fern Canyon populations were significantly different (P < .05) from each and from the remaining two populations (Fig. 2) . The Cloudcroft and Sunny Glen populations were not significantly different from each other.
The population differences in 6°C value are probably associated with differences in the local environments. The Amistad population had the least negative 613C values, presumably indicating that these plants exhibited the lowest rates of water loss of the studied populations. This is not surprising as this location is the hottest and driest of the four sites. However, although the other locations are cooler and more moist, in no site do the plants appear to be using only C, photosynthesis. The Cloudcroft location is the coolest and wettest of the sites. The population mean 613C value ofsuggests that ~5 0 % 1 9 . 4 9~~ of the carbon was fixed at night via CAM (Nalborcyzk et al. 1975 , Osmond 1978 . This contrasts with the Amistad population, in which the mean 6°C value of -1 5 . 7 7suggests that ~7 5 % of the carbon was fixed at night. The least negative 6°C value (-13.87~), was observed for an individual collected at Amistad, and indicates that =84% of the carbon uptake was at night.
The most negative value (-22.9%) was observed for t Genotypes are nested within populations. a n individual from Sunny Glen, and indicates that *34% of the carbon was fixed a t night. An accurate understanding of the mechanistic relationship of 6I3C value t o 24-h patterns of CO, exchange will require further study in the field.
Phytotron
The population mean values for whole plant dry mass i n the eight phytotron treatments are reported in Table 3 . A multiway analysis of variance (Table 4) revealed highly significant effects of watering frequency, temperature, daylength, a n d population o n total plant dry mass, although there was n o significant effect of genotype within population o n biomass. All o f the interactions between pairs of these variables also had significant effects o n total plant dry mass, with the exception of the temperature x genotype a n d water x genotype interactions. T h e fact that the genotype x daylength interaction was significant indicates that genotypes were responding differently t o the daylength treatments. A comparison of population means of log dry mass across all treatments ( Across all eight phytotron treatments, plants that were watered once weekly had less negative 6I3C values than did plants watered daily (Table 5 ). Plants grown in the high temperature h a d less negative 6I3C values than did plants in the low temperature. T h e three pop- ulations were similar in that the changes in 6I3C value due to the treatments were always in the same direction. A comparison of population means of 6I3C across all treatments (Table 5 ) using Duncan's multiple range test showed the Amistad and Cloudcroft populations to be significantly ( P < .05) different from each other.
The Fern Canyon population, with an intermediate mean 6I3C value, was not significantly different from the other two populations. A multiway analysis of variance (Table 6 ) indicated significant main effects of genotype, temperature, and watering frequency. The main effects of population and daylength were not found to be significant. Previous studies (e.g., Kluge and Ting 1978) have shown that the variables temperature, watering frequency, and daylength can all have a profound influence on the relative amounts of day and night CO, uptake in some CAM species. In S. wrightii, temperature and watering frequency had substantially greater effects than daylength. Both the temperature x genotype and the daylength x genotype interactions were significant. The significant main effect of genotype indicated that there were genetic differences among individuals within a population in biomass 613C. The significant genotype x treatment interactions indicated that these individuals responded differently to the environmental variables.
The phytotron 6I3C values are much more negative than the field values, indicating a predominance of daytime (C,) uptake of atmospheric CO, in all populations. The phytotron plants experienced lower light levels and higher moisture availability than plants in their native habitats. These observations implicate plant water stress in the induction of a greater proportion of night CO, uptake in the field, as has been seen in other CAM species (e.g., Hartsock and Nobel 1976) .
The field and phytotron data show that the populations or genotypes within populations differ in the relative proportions of CO, uptake in the night and day. Clearly there are both environmental and genetic determinants of these differences. In the phytotron, the Amistad population exhibited the greatest range of613C values, while Fern Canyon and Cloudcroft were less variable (Table 5) . A greater ability to regulate the proportion of day and night CO, uptake is expected to be correlated with a greater ability to regulate rates of water loss. These data suggest that the Amistad population has the greatest ability to regulate rates of water loss during growth. This ability of the Amistad plants appears to be correlated with the observed lower ability of this population to gain dry mass (Table 3) . Over all populations there was a significant correlation (r = 0.54, P < ,000 1) between total plant dry mass and 613C value (Fig. 3) . Individuals with the most negative 613C values had the largest dry masses. Although we cannot equate correlation with causation, there exists an important effect of varying photosynthetic physiology on the growth, and presumably the reproductive capacity, of these plants. The complex nature of the response of the biomass 613C values and plant dry mass to the environmental variables (Table 5) suggests that there is not a simple mechanism for the environmental control of the expression of CAM in this species. It remains to be determined to what extent the environmental variables act directly or indirectly via the photosynthetic pathways.
